types according to the causative cytotoxic agent. The first type, which usually presents as t-MDS, is associated with alkylating agents with unbalanced abnormalities of chromosomes 5 and 7. The second type, which presents as t-AML without preceding myelodysplasia, is associated with DNA topoisomerase II inhibitors, such as etoposide
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NobleResearch www.nobleresearch.org and anthracycline, with typically balanced translocations involving rearrangement of 11q23 or 21q22. t-AML accompanied by t(9;22)(q34;q11) called Philadelphia (Ph) chromosome has been documented [4] but is a rare event.
The present case describes a case of t-MDS with monosomy 7 followed by t-AML accompanied by chromosomal translocations of t(9;22)(q34;q11) and t(3;21)(q26;q22) after chemotherapy and radiation therapy for follicular lymphoma, suggesting a causative role of this therapy in the transition from t-MDS to t-AML.
Case report
A 60-year-old man presented to our hospital with abdominal distention in November 2000. His past medical history, social history, and family history were unremarkable. Physical examination showed marked hepatosplenomegaly (liver edge palpable at five fingers below the right costal margin, and spleen palpable at 10 fingers below the left costal margin) and superficial lymph nodes that were palpable at the cervical, axillar, and inguinal regions. His body temperature was 38 /L, lactate dehydrogenase of 253 IU/L (normal range, 142-246), and soluble interleukin-2 receptor level of 13,900 U/ mL (normal range, 188-570). Excisional biopsy of the left inguinal lymph node revealed predominantly proliferated centrocytes with a follicular pattern, and cells were positive for CD20, CD10, and Bcl-2 and showed t(14;18)(q32;q21) with fusion transcript between immunoglobulin heavy chain and Bcl-2 ( Figure 1 Figure 2A ). Cytogenetic analysis of bone marrow revealed additional karyotypic aberrations of t(9;22) (q34;q11) and t(3;21)(q26;q22) in 20 of 20 cells analyzed ( Figure 2B ). Flow cytometric analysis of bone marrow revealed expression of CD7 (81.7%), CD20 (11.3%), CD13 (77.8%), CD33 (56.9%), CD34 (88%), and HLA-DR (86.3%). Peripheral blood blasts represented fusion transcripts of minor BCR-ABL (472 bp) but not AML1-EVI1 (587 bp) according to polymerase chain reaction (PCR) analysis ( Figure 2C ). A diagnosis of t-AML was made. Surprisingly, administration of imatinib resulted in marked reduction of blasts, while low-dose cytarabin therapy was ineffective. After recovering from severe cytopenia, imatinib was resumed, but the leukemia failed to improve. Chemotherapy containing MIT, Ara-C, and VCR was ineffective, and he died in May 2006. Cumulative doses of CPA, ADR, VCR, MIT, VP-16, IFM, CBDCA, and Ara-C were 18,450 mg, 884 mg, 30 mg, 128 mg, 11,915 mg, 24,000 mg, 1,740 mg, and 2,505 mg, respectively. Discussion t-MN associated with alkylating agents and radiation therapy usually develops after a long latency period of more than five years following chemotherapy. In that case, t-AML transforms from t-MDS with chromosomal aberration of monosomy 5 or 7. The present case developed MDS (t-MDS) with monosomy 7, five years after beginning chemotherapy for follicular lymphoma; this t-MDS was compatible with the characteristics of t-MN associated with alkylating agents. Afterwards, the patient progressed to AML (t-AML) with the presence of Ph chromosome of t(9;22)(q34;q11) and t(3;21) (q26;q22), in addition to monosomy 7. These data suggest that Ph chromosome and t(3;21)(q26;q22) play a role in the transformation of t-MDS to t-AML. Such balanced chromosomal aberrations could be associated with the use of topoisomerase II inhibitors, such as VP-16 or anthracyclines. Topoisomerase II inhibitors can cause genomic instability and result in double-strand breakage (DSB) by forming a complex with topoisomerase and DNA (DNA breakage-first theory) [5] , which is repaired mainly by non-homologous end joining (NHEJ) [6] . When damaged cells carrying DSBs pass through the check point of the G2/M stage in the cell cycle, balanced translocations can be induced. Pederson-Bjergaard et al. [7] reported that VP-16 alone or in combination with cisplatin increased the risk of secondary leukemia. Further, patients who received VP-16 at a cumulative dose of greater than 2,000 mg/m 2 had an increased risk of developing AML. In the present case, the cumulative total dose of VP-16 was approximately 7,000 mg/m 2 , suggesting that VP-16 is a causative agent for AML following t-MDS.
Ph chromosome is a rare chromosome abnormality in t-MN. Andersen et al. [8] described the occurrence of Ph chromosome in secondary MDS and AML in Mitelman's Catalog and a significant association between Ph chromosome and topoisomerase II inhibitors. In their study, patients mostly had non-hematological malignancies; in fact, only two cases had hematological malignancies, including one case of non-Hodgkin lymphoma. Block et al. [9] analyzed 511 cases of t-MDS and t-AML that were registered into the international workshop (US, Europe, and Japan in 2002), including 10 cases with Ph chromosome, which comprised five cases of t-AML and five cases of therapy-related acute lymphoblastic leukemia (t-ALL). However, all cases with Ph chromosome occurred without preceding MDS, and only one case had both monosomy 5 and 7. In contrast, the present case presented with an MDS phase prior to AML and was associated with t(9;22)(q34;q11), which generated a minor BCR-ABL fusion transcript, as confirmed by PCR. Minor BCR-ABL transcripts have been previously described in only one case with Ph chromosome among malignant lymphoma [10] . In another case, Nakane et al. described a patient who developed t-AML from multiple myeloma, showing a BCR-ABL fusion gene without Ph chromosome by G-banding [11] . Case reports [10, 12, 13, 14] of therapy-related acute leukemia with t(9;22) (q34;q11) in patients with malignant lymphoma as the primary disease are summarized in Table 1 . Among these, only one case [10] had follicular lymphoma as the primary tumor, while Hodgkin lymphoma was the most common type of original lymphoma. Cytogenetic analysis has revealed an abnormality involving monosomy 7, which is usually found in MDS, in only one case aside from the present case, which reflects the direct progression from primary disease to t-AML without an MDS phase.
In addition to t(9;22)(q34;q11), we observed the emergence of t(3;21)(q26;q22), which is also found in t-MDS and t-AML. The incidence of 21q22 balanced chromosomal abnormalities is estimated as 15.5% in t-MDS/t-AML, according to the international workshop in 2002 [15] . The balanced t(3;21)(q26;q22) aberration was found in 20% of cases associated with 21q22. The t(3;21) (q26;q22) generates a fusion gene between AML1/RUNX1 and either RPL22L1, MDS1, or EVI1 [16] ; however, an analysis of such a fusion gene has been performed in only a few t-MDS/t-AML cases [15] . While we found the balanced t(3;21)(q26;q22), we could not detect the AML1/RUNX1-EVI1 fusion transcript by PCR analysis. Because we did not examine the MDS1 or PRL22L1 fusion transcripts, the involvement of these genes in this translocation cannot be excluded. The t(3;21)(q26;q22) aberration including the AML1/RUNX1 rearrangement also appears to be associated with topoisomerase inhibitors in t-MDS/t-AML (17), indicating that t(3;21)(q26;q22) in concert with t(9;22)(q34;q11) (which could be induced by topoisomerase II inhibitors) might have induced t-AML in the present case. BCR-ABL chimeric protein generated by the t(9;22)(q34;q11) reciprocal translocation has constitutive tyrosine kinase activity and activates downstream signal transduction pathways, including Ras/ mitogen-activated protein kinase, phosphatidylinositol 3-kinase/Akt/mechanical target of rapamycin, and Janus kinase/signal transducer and activator of transcription, leading to promotion of leukemic cell proliferation and survival [18] . Imatinib mesylate, a small molecule tyrosine kinase inhibitor that directly targets BCR-ABL, induces hematological and cytogenetic remissions in most chronic myeloid leukemia (CML) patients in the chronic phase. On the other hand, the RUNX1 protein encoded by RUNX1 gene on chromosome 21q22 and the EVI1 protein encoded by EVI1 gene on chromosome 3q26.5, both of which are nuclear transcription factors, play critical roles in hematopoietic stem cell maturation and proliferation, respectively [19] . The RUNX1-EVI1 chimeric protein generated by the t(3;21)(q26;q22) translocation, which represses the function of wild-type RUNX1 protein, interferes with myeloid cell maturation and transforms bone marrow progenitor cells. Furthermore, aberrant expression of RUNX1 or RUNX1-EVI1 fusion gene induces acute transformation of chronic phase as well as imatinibresistance in CML patients [20] . The fact that imatinib therapy resulted in only transient resolution in this t-AML suggests an important role of t(3;21)(q26;q22) aberration in leukemogenesis.
The coexistence of t(9;22)(q34;q11) and t(3;21)(q26;q22) in t-MN has not previously been reported. The emergence of such translocations in t-AML is associated with high aggressivity and very poor prognosis [9, 15] . Thus, it is important to note the presence of these translocations in the early phase after chemotherapy and to consider more effective treatments, such as stem cell transplantation for eligible t-MN cases.
